ABSTRACT
INTRODUCTION
The ability of Salmonella enterica to induce disease in animals relies on the possession of virulence genes, some of which are clustered in pathogenicity islands while others are scattered in the chromosome (16) . In S. enterica subspecies I, some virulence genes are plasmid-borne (33) . In addition to virulence genes, whose products are only required for animal infection, certain housekeeping genes play relevant roles in the interaction of Salmonella with its animal host (15) . Relevant examples are two-component systems such as PhoPQ and RcsBCD, which regulate virulence gene expression in specific stages of the infection process but also play relevant physiological roles outside the animal (34) . Another example of a housekeeping function with a role in host-pathogen interactions is DNA adenine (Dam) methylation, which is essential for virulence in Salmonella and other bacterial pathogens (6, 21, 28, 47) .
Mutants of S. enterica serovar Typhimurium lacking Dam methylation are severely attenuated in
the mouse model, especially by the oral route (12, 18) . Virulence attenuation caused by dam mutations is pleiotropic, and involves reduced invasion of epithelial cells (12) , lowered cytotoxicity after infection of M cells (12) , inefficient colonization of Peyer's patches and mesenteric lymph nodes (12, 18) , sensitivity to bile and to other DNA-damaging agents produced inside the animal (19, 31) , and envelope instability accompanied by leakage of proteins (32) . A transcriptomic study of Dam methylation in S. enterica serovar Typhimurium has provided evidence that some of these virulence defects are caused by altered patterns of gene expression (2) . However, Dam methylation is not a regulator of gene expression per se but a 4 facilitating binding of the cII transcription factor to the lambda p I and p aQ promoters (40) .
Competition between SeqA and the OxyR repressor for hemimethylated GATC sites has been shown to regulate phase variation in the E. coli agn43 gene (9). These examples raised the possibility that SeqA binding to critical GATC sites might likewise regulate the expression of S. enterica genes.
Here, we examine the consequences of seqA gene disruption in Salmonella enterica serovar Typhimurium, and describe analogies and differences between E. coli and S. enterica SeqA -mutants. Of special interest is the observation that disruption of the seqA gene in S. enterica serovar Typhimurium causes attenuation of virulence by the oral route, a trait that may be correlated with sensitivity to bile salts encountered in the host intestine. Transcriptomic analysis does not provide evidence for SeqA-mediated regulation of known virulence genes in Salmonella. In fact, lack of SeqA causes minor changes in the global transcriptional profile of the cell, as previously described in E. coli (27) . However, an intriguing observation is that the relatively short list of SeqA-regulated loci in S. enterica includes a significant number of Salmonella-specific genes.
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MATERIALS AND METHODS
Bacterial strains, plasmids and phages: The strains of Salmonella enterica used in this study (Table 1) (35) . Plasmid pIZ1574, constructed for this study, is a pBluescript II SK+ derivative containing the seqA coding sequence from strain ATCC 14028, previously amplified by the polymerase chain reaction (see below). Plasmid pIZ1588 is a pBAD18 derivative expressing the S. enterica seqA gene from the arabinose-dependent p BAD promoter (17) , and was constructed by cloning an XbaI-HindIII fragment from pIZ1574 onto pBAD18.
Transductional crosses using phage P22 HT 105/1 int201 [(36) and G. Roberts, unpublished] were used for strain construction operations involving chromosomal markers, and for transfer of plasmids among Salmonella strains. The transduction protocol was described elsewhere (13) . To obtain phage-free isolates, transductants were purified by streaking on green plates (7) . Phage sensitivity was tested by cross-streaking with the clear-plaque mutant P22 H5. Strain SV4861 was constructed by transducing the invJ::Km r allele from SB302 to ATCC 14028. SB302 is a derivative of strain SL1344 of S. enterica serovar Typhimurium (23), obtained from J. E. Galán, Yale University, New Haven, CT. Table 1 Media and chemicals: Luria-Bertani broth (LB) was used as rich medium. The E medium of Vogel and Bonner (45) was used as minimal medium. Unless otherwise indicated, the carbon source for both LB and E was 0.2% glucose. Solid media contained agar at 1.5% final concentration. Deoxycholic acid (sodium salt) and sodium choleate (ox bile extract) were both from Sigma Chemical Co., St. Louis, MO. Antibiotics were used at the final concentrations described previously (44) . Green plates were prepared according to Chan et al. (7) , except that methyl blue (Sigma) substituted for aniline blue.
Minimal inhibitory concentrations (MIC) of sodium deoxycholate, ox bile extract, and ethanol: Exponential cultures in LB broth were prepared as previously described (31) . (26), an in-frame deletion, 300 bp long, was generated to prevent polarity. The deletion was obtained by PCR, using primers 5' CGT AAG ATC TCG CAC GCG CGT CTA TTT TG 3' and 5' GCT GAA GAT CTG CTA TAG AGT CTA TCA TCA AC 3'. The resulting fragment was digested with BglII, and ligated to obtain a deleted pBluescript derivative that contained only 243 bp (81 codons) of the seqA coding sequence.
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The deleted pBluescript derivative was introduced into E. coli DH5α by transformation. Its insert was then excised with KpnI and SacI, cloned onto pDMS197 (11), and propagated in E.
coli CC118 λ pir (20) . One pMDS197 derivative containing the ∆seqA allele was transformed into E.coli S17-1 λ pir (38) .The resulting strain was used as donor in matings with S. enterica ATCC 14028, selecting Tc r transconjugants on E plates supplemented with tetracycline 30 mg/l. Several Tc r transconjugants were grown in nutrient broth (without NaCl) containing 5%
sucrose. Individual tetracycline-sensitive segregants were then examined for the incorporation of the ∆seqA allele. Replacement of the chromosomal seqA gene by the ∆seqA construct was detected by PCR amplification, using the same pair of oligonucleotides employed to generate the deletion. One such isolate was propagated as strain SV4752 (∆seqA1).
RNA isolation, microarray procedures and data analysis: To prepare cells for RNA extraction, 25 ml of fresh LB was inoculated with a 1:100 dilution from an overnight bacterial culture and grown in a 250 ml flask incubated with shaking at 250 rpm in a New Brunswick
Innova 3100 waterbath at 37 o C. Three biological replicates were performed for each strain, and RNA was extracted at an optical density (OD 600 ) ~ 0. (Tables   S1 and S2 ).
Preparation of protein extracts:
Bacteria were grown overnight in LB medium at 37ºC in non-shaking, static cultures. Under these growth conditions, the final OD 600 reached a value of ~1.0. Bacteria contained in 10 ml of the culture were centrifuged at 15,000 g, 10 min, 4ºC.
The supernatant was filtered with a 0.45 µm-pore Millipore device, and the extracellular proteins precipitated with 10 % trichloroacetic acid (TCA), washed in acetone, and resuspended in cold PBS pH7.4 as previously described (32) . Bacteria present in the pellet were directly suspended in cold PBS pH 7.4. An appropriate volume of SDS-Laemmli buffer was finally added to both fractions, extracellular soluble proteins (SP) and total bacteriaassociated protein (TP), and finally boiled for 5 min at 95ºC. Upon centrifugation (15,000 g, 5 min, room temperature), the volumes to be load into the gels were adjusted to 1x10 8 bacterial cells (TP) or 5x10 9 bacterial cells (SP).
Competitive index virulence assays: Eight-week-old female BALB/c mice (Charles River
Laboratories, Santa Perpetua de Mogoda, Spain) were used for virulence tests. Groups of 3-4
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animals were inoculated with a 1:1 ratio of two strains. Bacteria were grown overnight at 37ºC in LB without shaking. Oral inoculation was performed by feeding the mice with 25 µl of saline (0.9% NaCl) containing 0.1% lactose and 10 8 bacterial colony-forming-units (CFU).
Bacteria were recovered from the mouse spleen 6 days after inoculation, and CFU were enumerated on appropriate media. A competitive index (CI) for each mutant was calculated as the ratio between the wild type and the mutant strain in the output divided by their ratio in the input (3) . To compare the virulence of a double mutant with that of a single mutant, a "cancelled out" competitive index (COI) was calculated. A COI is the the ratio between the double mutant and the single mutant in the output divided by their ratio in the input (3). β β β β-galactosidase assays: Levels of β-galactosidase activity were assayed as described by Miller (30) , using the CHCl 3 -sodium dodecyl sulfate permeabilization procedure.
Bacterial infection of epithelial cells:
Bacteria were grown overnight in LB medium at 37ºC in static, non shaking conditions. HeLa epithelial cells were seeded the day before the infection in 24-well plates and grown at 37°C, 5% CO 2 to obtain 80% confluency. Bacteria were added to reach a multiplicity of infection of 10 bacteria/eukaryotic cell. Simultaneous infection with two strains permitted the calculation of a competitive index for invasion, CII (37) . HeLa cells were infected for 30 min to obtain an infection rate of 70-80% of the cell population. Infected cells were washed three times with phosphate buffered saline, and incubated in fresh tissue culture medium containing 100 mg/l gentamicin. After 2 hours postinfection, the concentration of gentamicin was lowered to 10 mg/l. Numbers of viable intracellular bacteria were obtained by lysing infected cells with 1% Triton X-100 and subsequent plating. CII calculations and statistic analysis were as described previously (37) .
Microscopic observation of cells and nucleoids:
Cells were harvested by centrifugation, washed and resuspended in saline. A small aliquot was spread on a slide glass and dried at
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room temperature. Nucleoid staining with 4',6-diamino-2-phenyl-indole (DAPI) and cell visualization followed Hiraga's "fluo-phase" combined method (22) . concluded that overproduction of Salmonella SeqA is lethal in a Dam -background, as described in E. coli (25) .
RESULTS
Phenotypes of S. enterica
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(iii) A SeqA -mutant of S. enterica (strain SV4972) showed moderate SOS induction, as previously described in E. coli (25) . Induction of the S. enterica SOS system was monitored using a cea::lac fusion carried on plasmid pGE108 (35) . This fusion has been extensively used in our laboratory to monitor SOS induction in Salmonella (14, 31 (Table 2) . Table 2 Envelope instability in S. enterica SeqA -mutants: In previous studies we showed that DNA adenine methylase mutants of S. enterica secrete high amounts of proteins to the culture medium, a trait that can be easily observed in SDS-PAGE gels from culture supernatants (32).
The extreme sensitivity to bile and to membrane-damaging agents shown by SeqA -mutants raised the possibility that they could have a similar phenotype. analysis indicated that a seqA mutation caused moderate but significant attenuation of virulence by the oral route but had no effect by the intraperitoneal route ( Figure 3 ). This observation suggests that the SeqA -mutant is impaired for virulence at the intestinal stage of infection, and can be tentatively correlated with the sensitivity to bile salts conferred by a seqA mutation. Our finding that lack of SeqA does not attenuate Salmonella virulence by the intraperitoneal route disagrees with a previous report (8) . However, it must be noted that the suggesting that SeqA-regulated genes are rare in Salmonella. A similar conclusion was drawn from a SeqA transcriptomic study in E. coli (27) . A number of SOS genes showed moderately increased expression in a SeqA -background as previously described in E. coli (27) . Aside from SOS genes, a small number of genes showed differences higher than the two fold cutoff arbitrarily chosen as threshold. In exponential cultures (Table 3) , 2 SeqA-repressed genes and 4
SeqA-activated genes were found. In stationary cultures (Table 4) 
DISCUSSION
The cell division abnormalities observed in SeqA -mutants of Salmonella enterica closely resemble those previously described in their E. coli counterparts, which have been the subject of more numerous and deeper studies (1, 4, 10, 25, 27, 39, 46, 48) . Other analogies between E. coli and Salmonella SeqA -mutants include SOS induction, requirement of the SOS regulon for viability, envelope instability and sensitivity to bile salts and other envelopedamaging agents. Given these analogies, the observation that a seqA mutation does not alter the morphology of P22 plaques is anecdotal, and should not blur the tentative conclusion that the well known roles of SeqA in E. coli chromosome replication and nucleoid organization (1, 4, 25, 27, 39, 48) can be tentatively extended to a relatively close bacterial genus like
Salmonella. This view is consistent with the 87% amino acid identity found between the E. coli and Salmonella SeqA proteins (data not shown). The cause of bile sensitivity associated to seqA disruption remains unknown. In E. coli, SeqA -mutants show altered membrane permeability (46) and abnormal phospholipid composition (10), which may explain their increased sensitivity to a number of dyes. Our observation that the envelope of S. enterica SeqA -mutants is likewise unstable can be tentatively correlated with bile sensitivity, because unconjugated bile salts can enter the cell by diffusion (43) . How can a seqA mutation impair membrane stability is an interesting enigma. In E. coli, SeqA has been shown to associate to the E. coli outer membrane in a replication cycle-dependent
An interesting trait of Salmonella
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manner (39) . Thus, a structural role of SeqA in envelope stability cannot be discarded (46).
An alternative explanation is that SeqA might regulate the expression of genes involved in the stability of the cell membranes, a possibility also considered in E. coli (42) .
Our conclusion that SeqA does not play a major role in gene regulation in S. enterica is in agreement with a previous study carried out in E. coli (27) . This view does not exclude the possibility that SeqA could play subtle roles, hardly visible by transcriptome analysis, in the expression of certain genes. For instance, the SeqA/OxyR competition described in the E. coli agn43 gene (9) would likely be overlooked in a microarray study. Another possibility, not investigated here, is that SeqA might control bacteriophage P22 promoters, as shown for the p R , p I and p aQ promoters of bacteriophage lambda (40, 41) . Despite these caveats, our study has detected a small number of Salmonella genes whose expression is impaired in a SeqA Dam methylation on LexA-controlled transcription (27, 47) . In a similar fashion, the existence of SeqA-regulated genes might reflect physiological changes occurring in response to a seqA mutation rather than a direct role of SeqA in transcriptional control. 
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